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Abstract

This report documents the Long-range Ocean Acoustic Propagation EXperiment
(LOAPEX) cruise aboard the R/V Melville conducted between 10 September and 10
October 2004. The LOAPEX cruise was coordinated with two other experiments,
BASSEX led by Art Baggeroer of the Massachusetts Institute of Technology, and
SPICEX led by Peter Worcester of the Scripps Institution of Oceanography. In addition
to suspending an acoustic source from the R/V Melville at several locations in the eastern
Pacific, LOAPEX utilized the North Pacific Acoustic Laboratory (NPAL) assets that
were installed by APL-UW during the Acoustic Thermometry of Ocean Climate (ATOC)
demonstration. LOAPEX has three primary scientific objectives:

1. to study the evolution, with distance (range), of the acoustic arrival pattern
and in particular the range and frequency dependence of the spatial and
temporal coherence

2. to determine the effects of the ocean bottom near the NPAL acoustic source
located near Kauai, HI

3. to produce a thermal map of the Northeast Pacific Ocean
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1. Introduction

Background

Although serious investigations of long-range ocean acoustic propagation began
with World War II, the genesis of our effort here began with our work on the Heard
Island Feasibility Test. In that test electronically generated acoustic signals were sent and
coherently received at very long ranges. This successful result led to the Acoustic
Thermometry of Ocean Climate (ATOC) demonstration. The purpose of ATOC was to
show that a small number of acoustic transmitters and receivers could adequately
characterize variations in the heat content of an entire ocean basin. Although hindered by
many new environmental regulations, ATOC demonstrated that basin-wide seasonal and
climatic variations can be monitored using acoustic transmissions, and that it can be
accomplished without endangering marine life.

When the formal ATOC program came to an end, the Office of Naval Research
(ONR) began sponsorship of the North Pacific Acoustic Laboratory (NPAL). This
program uses the acoustic source and receiver network established during ATOC to focus
on basic research related to long-range acoustic propagation while at the same time
allowing the continuation of the time series of climate related data. Every three years or
so, ONR enhances the efforts of NPAL by funding additional experimental efforts. This
is one of those years and three coordinated experiments were undertaken. They were
SPICE04 (Peter Worcester, Scripps Institution of Oceanography), BASSEX (Art
Baggeroer, Massachusetts Institute of Technology), and LOAPEX (Jim Mercer, Applied
Physics Laboratory, University of Washington).

The SPICE04 installation cruise was conducted between 26 May and 18 June
2004 aboard the R/V Revelle. During this cruise two autonomous vertical line array
receivers (VLAs), and two 250-Hz acoustic transceiver moorings (500 km and 1000 km
from the VLAs) were deployed (Worcester, 2004). These four moorings will be in place
until sometime during the summer of 2005. The primary purpose of the transmissions
between the 250-Hz sources, transceivers, and the VLAs is an attempt to measure the
"spiciness" of the ocean by acoustic methods. Ocean "spice" is a condition in which the
water temperature and salinity offset one another to form a buoyantly stable water mass
that has sound speed variability that mimics that of ocean internal waves. In addition to
receiving the transmissions from the 250-Hz sources, the VLAs were programmed to
receive transmissions from the NPAL fixed bottom-mounted acoustic source near Kauai,
HI, and a similar acoustic source suspended from the R/V Melville during the LOAPEX
cruise. The hydrophone arrays on the two combined VLAs covered most of the 5-km
water column. We refer to one of the VLAs as the deep VLA (DVLA), located at
33.4189200 N latitude and 137.6824700 W longitude. The DVLA combines a 40-element,
1400-in long array (2150-3550 m nominal) with a 20-element, 700-in long array (3570-
4270 m nominal) to span the lower caustics in the acoustic arrival pattern with a nominal
spacing of 35 m. The DVLA was considered the primary receiving array for LOAPEX.
The other moored array, the shallow VLA (SVLA), was moored 3 n mi due west of the
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DVLA. The SVLA has a 40-element, 1400-m long array (350-1750 m) centered
approximately on the sound channel axis. Both hydrophone arrays are being tracked by a
network of surveyed bottom transponders. Mooring diagrams, provided by Peter
Worcester, are shown in Figure 1.1.
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Figure 1. 1. The deep and shallow VLA receiver moorings

The BASSEX experiment, conducted from the RNV Revelle, was coincident with
the LOAPEX cruise. During BASSEX a horizontal towed acoustic array was used to
collect receptions from the LOAPEX ship suspended source, the Kauai fixed source, and
the 250-H1z SPICE04 transducers. The first phase of BASSEX concentrated on acoustic
receptions affected by the presence of the Kermit Sea Mounts. The data is intended to
reveal information about sea mount forward and backward scattering, as well as
refraction and diffraction. Other phases of BASSEX focused on long-range horizontal
coherence, characterization of the acoustic field near the Kauai source, and geo-acoustic
inversions near Kauai.

TRO0501 2



_UNIVERSITY OF WASHINGTON * APPLIED PHYSICS LABORATORY_

The LOAPEX cruise was conducted aboard the R/V Melville from 10 September
to 10 October 2004. The scientific objectives of LOAPEX are outlined in the following
subsection.

Science Objectives

An acoustic signal arriving at a hydrophone array from a large distance (range) is
spread out in space and time. In mid-latitudes the early part of the arrival is associated
with steeper arrival angles and is often considered "ray-like" in that the arrivals are well
characterized by frequency-independent numerical ray-tracing codes. The middle part of
the acoustic arrival pattern is better characterized by acoustic modes ("mode-like"),
where the final part of the arrival is highly scattered energy and is not well modeled by
deterministic methods. One way of characterizing our objective is to say that we are
studying the evolution, with range, of the acoustic arrival pattern. Ultimately, however,
we wish to understand the range and frequency dependence of the spatial and temporal
coherence, and reveal ways of improving the coherence. Both of the VLAs are important
for this study.

A more specific science objective is to understand the acoustic energy that arrives
near and below the critical depth (where the deep sound speed equals the highest sound
speed in the upper ocean). In previous experimental work, both for NPAL and AMODE
(Dushaw et al., 1999), we observed anomalously high signal to noise ratios at these great
depths. Some of the observed effect may be due to decreased levels of ambient noise, but
apparently not all. For this work the DVLA and the four ocean bottom seismometers
(OBS) that we deployed around the DVLA are important assets. Because the LOAPEX
transmissions were made from a variety of stations (see the next subsection) we have the
opportunity, using the distributed array of fixed bottom-mounted NPAL acoustic
receivers, to take a "snap shot" of the heat content of the entire Northeast Pacific Ocean.

A third major objective for LOAPEX was to transmit signals in the vicinity of the
fixed bottom-mounted acoustic source near Kauai. It is not known precisely what effect
the bottom has on the receptions at the NPAL fixed hydrophone network. By suspending
the LOAPEX source near Kauai and at the depth of the Kauai source, but not near the
bottom, the receptions at the fixed arrays, and at the VLAs for that matter, can be
compared with and without bottom effects.

Approach

The approach to meeting the scientific objectives of LOAPEX was originally
described in the LOAPEX Cruise Plan (Mercer and Howe, 2004) and is illustrated in
Figure 1.2. The figure and its legend describe and locate the primary assets of the
experiment and show the eight stations occupied by the Melville during the cruise. The
eight stations are shown as red dots and seven of them are on the main LOAPEX path
indicated by the solid black line. These seven stations were nominally 50, 250, 500,
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1000, 1600, 2300, and 3200 km from the VLAs (yellow dot). These distances provided
the controlled range dependency sought in this experiment. It would have been desirable
to achieve greater ranges but the location of the VLAs and the bathymetry at the western
end of the path prevented this. At each of these seven stations the LOAPEX acoustic
source (Figure 1.3) was suspended from the ship for several hours, typically one to two
days. Two source depths were used at each of the seven stations, either 350, 500, or 800
m. An eighth station near Kauai was also taken. This final station provides a comparison
of transmissions from 300, 500, and 800 m depth, while the source is far from the bottom,
with transmissions from the bottom-mounted Kauai source.

Long-range Owan ACoustic Propagation EXpewbitent LOAPEX L ý ý . OPXSRO

So0 SVLAMVLA

40

KAA

20

M0 1 10 170 IN ISO 140 30 1010

Figure 1.2. LOAPEX assets and geometry

Figure 1.2 also illustrates the paths from the LOAPEX stations, and from the
Kauai bottom-mounted source location, to the permanently fixed acoustic receivers.
These paths, along with the paths from the 250-Hz SPICE04 acoustic sources, allow us to
produce a "snapshot" of the Northeast Pacific Ocean's heat content. Not shown on this
figure are the locations of four OBS/hydrophone packages (see Figure 1.4). These four
instruments were deployed to the bottom (water depth approximately 5000 m) in a
rectangular pattern (see Figure 1.5) about the DVLA.
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Figure 1.3. The LOAPEX acoustic source without its oil-filled boot (left) and with the boot,
mounted in its frame (right). Four high-pressure air compensation bottles are mounted in the
rectangular portion of the frame.
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Figure 1.4. The LC200 ocean bottom seismometer package
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Figure 1.5. OBS deployments about the DVLA

These deep seismometer and hydrophone locations provide additional information
on the deep shadow zone arrivals that we and others (Butler, 2003) have reported. The
exact locations will be surveyed during the SPICE04 recovery cruise.

A description of the signals that were sent from each of the LOAPEX stations is
provided in Section 3, and Appendix 2 provides log data for each transmission. A critical
aspect of the acoustic source deployment was to obtain good, reliable data on the position
and velocity of the source as a function of time. Section 4 provides a description of the
various data types that were collected to determine the source position and velocity.
Finally, Section 5 provides a description of the environmental data that were collected
during the cruise. These data will support the numerical modeling efforts that will
attempt to explain the acoustic data collected. The following section is a cruise narrative;
although it covers the entire cruise, the primary purpose is to describe the activities at a
typical deployment station and the atypical events at the first station.

TR 0501 6



_UNIVERSITY OF WASHINGTON * APPLIED PHYSICS LABORATORY_

2. Cruise Narrative

Mobilization

The mobilization for the LOAPEX cruise took place from 30 August to 9
September. This unusually long time period was due to the intervening Labor Day
holiday weekend. The majority of the hardware used in this cruise came aboard in two
20-ft. containers. One of these containers, the science van, was partitioned into two
halves. One half housed the acoustic transmitter and electronics, and the other half
contained the deployment winch and the low and high pressure compressors. Figure 2.1
is a photograph of this container showing the winch and low-pressure compressor (blue)
that supplies air to the deployment air "tuggers." The high-pressure compressor used to
refill the air compensation bottles on the source is out of view behind the low-pressure
compressor. This van was configured for easy portability to ships of opportunity. The
second container transported the acoustic projector and stored ancillary equipment and
spares. Each container weighed approximately 20,000 lb.

Figure 2.1. The aft end of the LOAPEX science van

After the containers were secured on the deck, the majority of the mobilization
effort was spent testing the various systems to be used during the cruise. The critical
equipment belonging to the ship included the stem A-frame, starboard A-frame, both of
the ship's cranes, CTD/rosette, CTD level wind, gyrocompass, the P-code and C/A code
GPSs, the multi-beam sonar, the Ocean Surveyor Acoustic Doppler Current Profiler, the
ship's computer systems, and the ship's 400-VAC power. Several of the ship's systems
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were damaged during a power outage that took place during the previous cruise.
Necessary repairs were made and a sea trial during the mobilization confirmed the
success of these repairs and provided an at-sea test of the ship's dynamic positioning
system. After the sea trial additional repairs were made to the CTD level wind, to the
ship's main crane, and the starboard A-frame. The personnel at the Scripps Marine
Facility and the ship's crew worked very hard to ready the ship for an on-time departure.

The systems brought on board by the science team can be grouped into three main
categories: those items directly related to the acoustic transmissions, those used to
determine the position and velocity of the acoustic projector, and those items used to
collect environmental data. Figure 2.2 shows the acoustic projector being lowered into
the water during a dockside deployment test. The small white cylinder at the top of the
projector is an acoustic valve. This valve is actuated remotely once the projector reaches
its desired depth by sending a coded acoustic signal through the water. Once opened,
high-pressure air stored in four 6,000-PSI cylinders in the lower rectangular section of the
projector package is allowed to enter the interior cavity of the projector forcing out the
sea water. This air provides greater compliancy for the movement of the projector's
vibrating surfaces and results in greater efficiency.

Figure 2.2. The LOAPEX acoustic projector

The projector is powered by a 48,000-VA Ling power amplifier that is housed in
the forward section of the science van. Signals generated by a computer in the science
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van are amplified and delivered to the 0.680 coaxial cable that is shown on the winch in
Figure 2.1. Full power signals could not be sent dockside; however, a "dummy load" set
up in the storage van allowed full power testing of the amplifier and signal generation
systems during the mobilization. Just prior to this testing it was noted that the ship's
440/240 VAC transformer did not supply adequate voltage. A transformer purchased by
APL-UW for an at-sea test in May 2004 (Mercer, 2004) solved the problem.

The acoustic system also included the four OBS that were deployed about the
DVLA, and a monitor hydrophone system that used a powered spool for the hydrophone
cable and special filters and amplifiers for signal detection. This calibrated hydrophone
monitor system was used with each transmission during the cruise to determine the actual
level of each transmission. A final component of the acoustic system was the WRC
"sweeper" acoustic source (Figure 2.3). This unit was checked out aboard ship during
mobilization with the help of David Horwitt, Matt Norenberg, and Peter Worcester, all of
Scripps. The sweeper was brought as a backup and, fortunately, it was not required.

Figure 2.3. The WRC "sweeper" acoustic source

The following equipment supported the determination of the projector's position
and velocity during deployments: a MicroCat pressure sensor, an S-4 current meter, two
acoustic interrogators, several Benthos acoustic transponder balls, two Benthos deck
boxes, and a C-Nav GPS. The C-Nav GPS receives orbit, time, and troposphere
propagation corrections while at sea and provides decimeter accuracies. These systems
all checked out dockside and their performance at sea is discussed in Section 4.
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Systems brought aboard to acquire environmental data included the underway
CTD (UCTD) provided by Dan Rudnick (Scripps), two APL-UW Seagliders, and
approximately 100 XBTs. The XBTs could not be sample tested dockside, but the ship's
XBT launcher was tested. Section 5 discusses the performance of these systems at sea.

In summary, we left port on 10 September 2004 with all necessary systems having
been satisfactorily tested.

Cruise Summary

The R/V Melville left San Diego on 10 September on route to the location of the
DVLA. The transit took approximately four days. During the transit a significant effort
was made to train all science personnel on the deployment and operation of the UCTD
system. We arrived at the DVLA, actually OBS site #4 shown in Figure 1.5 and detailed
in Table 2.1, around 10:30 PM on 13 September. Our first in-water effort was to wire
test the OBS releases. The planned depth for the wire test was 4000 m but the wire
jumped the sheave on the winch and the lowering was terminated at 3000 m. All of the
releases tested satisfactorily at this depth. With some effort the wire was replaced on the
sheave and the rosette assembly of releases was brought back to the surface. All of the
OBS electronic assemblies passed their bench tests except #069. After the pressure case
was opened and the battery termination reconnected, the fault (could not access the

disk) disappeared.

Table 2.1 OBS deployment data

OBS/Rel. Ser# Site# Drop Time (UTC) Latitude N Longitude W

063 4 0825 3323.8505 13740.9471

023 3 0902 3325.1121 13739.6872

061 2 0935 3326.3790 13740.9503

069 1 1017 3325.1104 13742.2816

We arrived at LOAPEX Station T50 early the next morning, 14 September.
(Note: the first seven LOAPEX Stations are designated by an upper case "T" followed by
the nominal distance in kilometers from the station to the DVLA.) As this was our first
station it was somewhat anomalous is several respects. To begin, we found that the CTD
was not functioning properly. We also had to make final at-sea calibration adjustments
for the acoustic transmission source levels. And third, two APL-UW Seagliders were
launched from this station. Before continuing with a general summary of the cruise, a
short discussion of each of these issues follows.

Because of the early arrival at Station T50, the CTD cast was begun well before
breakfast. A problem in the downcast developed at about 2600 m. There were multiple
fault indications and the pump stopped. When the CTD was brought back up to about
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100 m the pump started again. Furthermore, some of the faults were traced to a computer
problem. Nevertheless, when the CTD was lowered to a depth of about 1100 m the pump
stopped again. The CTD was brought aboard and the problem was found to be a faulty
connector between the conductivity sensor and the pump. A replacement cable/connector
was located and installed. Unfortunately, the next CTD deployment at Station T250
revealed additional problems with the CTD. The CTD was recovered and more
inspections began. Later in the day a test revealed that the main cable from the CTD unit
had an open lead. The cable was repaired and another CTD cast at Station T250 proved
satisfactory. All remaining CTD casts during the cruise were satisfactory.

The Environmental Assessment (Raposa and Messegee, 2004) for LOAPEX was
based upon an acoustic source level of 195 dB re 1 giPa at 1 m, therefore it was necessary
to conduct calibration measurements that allowed a gradual approach to this level.
Deployment depths of 350 and 800 m were scheduled for each station and two primary
signal types, a standard M-sequence and a prescription FM (PFM) slide, were planned for
each depth. (See Section 3 for details on the acoustic signals and transmissions.) It had
been previously decided to limit the level of the M-sequence to 194 dB while the
projector was at a depth of 350 m to reduce stress on the projector. Calibration
measurements were made using a calibrated hydrophone suspended to a depth of 575 m,
halfway between the deployment depths.

At Station T50 the projector was initially deployed to a depth of 800 m.
Following some very brief low-level testing with a 65-Hz CW signal we switched to a
short 90-sec M-sequence. Two methods of adjusting the transmitted source level were
used. One method was to adjust the power amplifier drive (PA drive) level and the other
was to numerically scale the computer software files that generated the low-level
transmissions. We started with a 195-dB file (for 800 m) with the PA drive setting at half
its expected value of 152. We anticipated a source level of 189 dB and got just that. We
then increased the PA drive setting to 304 and got a source level of 194.2. We
considered this satisfactory for the time being and moved on to the PFM signal. We
again set the PA drive to half of its expected value for a 195-dB PFM transmission at 800
m and measured a source level of 190.2 dB. The next test was at a PA drive setting
intended to produce a 195-dB signal and the result was a source level of 195 dB.

Later the following day, after the projector had been raised to a depth of 350 m,
we began a series of tests to confirm that the pre-programmed signals would produce the
correct source levels at this depth. Because of the difference in ambient pressure between
800 m and 350 m, the projector's characteristics change appreciably. At 350 m our plan
was to transmit the M-sequence at 194 dB and the PFM at 195 dB. We began by
transmitting a 90-s M-sequence designed for 350 m with the PA drive dial at the 152
position (half that planned for a 194-dB signal). The result was 188 dB, right on. We
then transmitted another 90-s M-sequence with the PA drive dial at 304. The result was
194 dB.

The next transmission was a calibration test for the PFM. Again with the PA
drive dial at 152 we measured a source level of 190.7 dB. This was a little higher than
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expected so we calculated that a PA drive setting of 249 would be appropriate for this
signal and this depth. The result for another 90-s PFM with the dial at 249 was 195.7 dB.
This was considered to be within acceptable accuracy.

The M-sequence source levels were calculated using an evolved form of Kurt
Metzger's software. The travel time from the source to our monitor hydrophone was
measured for each transmission. Unfortunately Metzger's software contained an
unknown delay time. The estimated distance between the source and the monitor
hydrophone based upon wire and deck measurements was 228 m. The acoustic distance
measurement, with the unknown time delay, yielded 286 m while the source was at a
depth of 800 m and 271 m while the source was at 350 m. The difference between these
values and 228 m was considered to be too large and the cause was expected to be the
unknown delay time. While at site T50, which is very close to the VLA, we decided to
stick with the acoustic measurement because it erred on the safe side; i.e., calculations of
source level were about 2 dB higher than otherwise.

On route to Station T250 we located Kurt Metzger's old documentation, which
indicated that he used a delay time of 27 ms. On the other hand, Rex Andrew's
numerical model calculations of the acoustic source predicted 13 ms delay time. The
difference was small and was equivalent to about 1 dB difference in source level
calculations. We used the average value of 20 ms to limit the error from this issue to 0.5
dB.

While at Station T50 we made twelve transmissions at 800 m not counting the
short calibration transmissions. Two of these transmissions were 20-min PFMs, one was
an 80-min M-sequence and nine were 20-min M-sequences. We also made eight
transmissions at 350 m not counting short calibration transmissions. All eight were 20-
min M-sequences. A log of the transmissions at all stations is given in Appendix 2.

The third unique activity at Station T50 was the launching of the Seagliders.
Preparations for launch were significant and had to be coordinated with the Seaglider
pilot stationed at the University of Washington in Seattle. Communications were
accomplished with a portable Iridium telephone. The first glider (#023) was launched at
about 10 AM and departed successfully. The second glider (#022) was launched at about
noon and although the launch itself was straightforward, the glider immediately turned
toward the ship once it was released. Otherwise this glider also departed from the area
after passing its post deployment tests.

Around mid-day we learned that Seaglider #023 was experiencing difficulties.
Apparently erratic roll angles were occurring during the deep dives. The pilot's plan in
Seattle was to leave the glider on the surface in the hope that we could attempt a
recovery. After recovering the source at T50 around 7 PM, we planned to transit to the
Seaglider position. The Seaglider can call in its GPS position every two minutes while
on the surface. We learned, however, that after its last surfacing it was commanded to
complete a few shallow dives. We believe the intention was to minimize drift of the
glider while we were on route to pick up the glider. Unfortunately, the glider never re-
contacted the pilot. Even though it was expected that the glider was not on the surface,
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using its last known position and measurements of the surface current we made an
estimate of its position and headed for that location. We arrived at this site around 7:45
PM and began transmitting an acoustic signal with the Benthos deck box and transducer.
There did seem to be some consistent reply signals arriving with round trip travel times
of 6 s. The ship was moved in a southerly direction in an attempt to reduce this travel
time. However, when the move was completed, around 10:15 PM, the acoustic signal
could not be recovered. It was decided to abandon the search for Seaglider #023. The
rationale for doing so was as follows: 1) the likelihood of the glider being on the surface,
and not contacting the pilot was considered very small; 2) even if it was on the surface,
there was no acoustic signal at this time; and 3) even if the acoustic signal were regained
by moving to some other location, it would be nearly impossible to home in on the device
to a distance that it might be spotted visually at night in any reasonable amount of time.
We departed the site at 11 PM on route to Station T250. While at T250 we received
news that Seaglider #023 had reported in and was apparently operable. Additional
information about the progress of the two Seagliders is contained in Section 5. As of this
writing, both Seagliders are approaching Kauai, HI, for pick up in March 2005.

While on route to Station T250, we began the routine of making various
environmental measurements. The most challenging of these were the UCTD
measurements. Typically, three people supported the process around the clock while we
were underway. When the UCTD probe is deployed, a tether line pays out from the
probe and from a commercial fishing reel mounted on a davit. This allows the probe to
"fall" freely while the ship is moving. A UCTD cast was completed approximately every
30 min. Generally the casts went to a depth of 300-400 m. When a cast was recovered
the probe was brought into the lab for data extraction while the tether bobbin was
rewound for the next cast. Figure 2.4 shows the bobbin being rewound in a special
purpose jig. We started with two good UCTD probes and lost one early on due to fraying
of the tether. We continued UCTD measurements until our approach to Station T2300 on
26 September. We decided to stop casting the UCTD as this time to ensure that we could
bring back the remaining probe for post cruise calibrations. A total of 174 UCTD casts
were completed. Up to this time we had been launching XBTs every 50 km, but with the
cessation of the UCTD, we began deploying XBTs every 25 km. Section 5 contains a
discussion of these data. We also collected SeaBeam bathymetric data while in transit;
Appendix 3 presents these data.
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Figure 2.4. Rewinding the UCTD tether on the bobbin

The first event for a typical LOAPEX station was the deployment of a Benthos
transponder ball. This actually occurred while we were approaching the station at a
distance of roughly 5 km. The purpose of the transponder ball was to provide
independent data on the motion of the ship and projector along the path back toward the
VLAs. These data are discussed in Section 4. More often than not we arrived on station
in the early morning hours. The first order of business was to conduct a full-depth CTD
cast with water samples. This generally took about 4 hr. Once the CTD was back aboard
we began the deployment of the calibrated hydrophone and the acoustic projector.

The calibrated hydrophone was lowered using the "hydro" boom and winch wire.
A 500-lb weight was attached to the end of the wire to reduce streaming. The
hydrophone cable itself was taped to the wire every 5 m or so and the hydrophone cable
was spooled from a powered reel (Figure 2.5). The hydrophone itself was supported in a
metal frame with a bungee cord to reduce strumming and the frame was taped to the
lowering wire. Just before the calibrated hydrophone reached its desired depth of 575 m
a small transducer was attached to the wire so that it would be at a depth of about 6 m.
This transducer was used with a Benthos deck box to interrogate the transponder ball that
was dropped to the bottom 5 km before reaching the station.
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Figure 2.5. The powered spooler for the hydrophone cable

The deployment of the acoustic projector followed. The projector has four high-
pressure gas bottles stored in its base. These bottles are filled with air between
deployments. Because the projector weighs approximately 5000 lb, its deployment at sea
requires great care. Figure 2.6 shows a projector deployment. Just prior to lifting the
projector off of the deck, the S-4 current meter and a 20-1b weight were lowered by hand
on a 10-m tether that was attached to the bottom of the projector frame. When the source
reached a depth of about 20 m the MicroCat probe and the acoustic interrogator were
mounted above the projector. The S-4 current meter, the MicroCat, and the interrogator
were all intended to provide data on projector motion. Their results are discussed in
Section 4.

While the projector was being deployed it was controlled by four tag lines. Two
of these lines were powered by air-tuggers, the other two were held by hand. The
projector was then lowered to the deepest depth to be used at that station. When the
projector reached the desired depth, a small transducer was lowered over the stem to a
shallow depth and a signal was sent to the acoustic valve to open the gas bottles. The gas
bottles vented air into the interior cavity of the projector providing greater compliancy for
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the transducer. Filling this cavity usually took about 30 min. Eventually contamination
in an in-line filter in the gas system manifold apparently led to difficulties in pressurizing
the projector at 800 m.

Figure 2.6. Deployment of the LOAPEX projector

The process of pressurization is described in greater detail in Section 2. However,
once this process and initial status checks on the projector were completed, the series of
planned transmissions began under computer control to ensure the exact time of
transmission. Because the programmed reception times at the VLAs could not be
modified once they were deployed, the transmission times aboard the ship were adjusted
to account for the in-water propagation times. Nevertheless, the transmission schedule
followed a 12-hr rotating sequence. For example, the transmission to be received at the
VLA at 0000 hours UTC was a 20-min M-sequence. This was followed by three more
20-min M-sequences separated by 1 hr. The next transmission, also 1 hr apart, was a 20-
min PFM. This was followed by an 80-min M-sequence, and then six additional 20-min
M-sequences, all 1 hr apart, which completed the 12-hr schedule.
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A typical LOPEX station provided a transmission window that included on
average about 30 transmissions. Roughly half of these transmissions at each station were
from the more axial depth of either 800 m or 500 m and the other half were from a depth
of 350 m. Often a transmission opportunity was lost while the source was being raised
from a depth of 800 m to the shallow depth of 350 m. At the final station near Kauai we
transmitted at all three depths and also substituted several "Pentaline" transmissions;
again, the details are provided in Section 3.

The reason we changed the deep deployment from 800 m to 500 m is that it
became clear at Station T1000 that we were getting a reduced source level at 800 m,
although nominal values were achieved at 350 m. The source level at 800 m was only
about 190 dB. We now believe that this may have been due to contamination in the
acoustic air valve system. At station T1600 we deployed the source to 900 m and
pressurized it for 90 minutes. We then conducted an impedance test at this depth and in
100-m increments up to 400 m and then finally at 350 m. Based upon this test it
appeared that we could achieve the expected performance at 500 m and shallower.
Hence for Stations T1600, T2300, and T3200 we kept the deep deployment to 500 m.
While in transit to the Kauai Station we had time to investigate the problem of low source
level at 800 m. We filled the projector with additional oil, and we tried banding the
supporting members of the frame to isolate the cause of an additional resonance in the
impedance data. Neither of these approaches was fruitful. Due to the relatively high
transit speed to Kauai we arrived several hours before the transmission window would
open. We deployed the source to 800 m to check its performance. Because the
pressurization process (as monitored by the changing impedance) seemed excessively
slow, we brought the projector back to the deck. We noted that the gas pressure in the
bottles had only gone down to 4000 psi from the initial pressure of 4500 psi. This meant
that only one quarter of the interior cavity of the projector had been voided. Upon
disassembly of the air pressure regulator valve we found significant contamination. Why
contamination was so much more important at 800 m than 500 m is not known. The
source was redeployed to 800 m and the pressurization process improved greatly
although we expected that not all of the contaminants from the entire system were
removed. The resulting source levels for this station at 800 m were 194-195 dB.

A more detailed day to day summary log of the cruise is provided in Appendix 1.
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3. LOAPEX Acoustic Signals

Signals

There were seven signals used for the primary LOAPEX long-range
transmissions, and two additional signals for local engineering measurements. These
signals are described below.

Long-range Transmissions

M-sequences

The signal denoted M68.2 was the full power M-sequence used at 500 m and 350
m, and M75(195) was the full power M-sequence used at 800 m. It appeared in
simulations that the best transfer of electrical power into radiated acoustic power
occurred when the M-sequence carrier frequency was about 6-8 Hz above the resonance
frequency of the transducer. Because the transducer resonance frequency varies with
depth, we chose a carrier frequency of 75 Hz for 800-m transmissions and 68.2 Hz for
350-m transmissions. These depths were considered close enough that it seemed
adequate to use the 68.2-Hz carrier signal at 500 m, too.

The choice of shallow depth carrier frequency involved several compromises.
Because the computer digital-to-analog subsystem could only be programmed for integer
sample rates, the requirement for a periodic waveform dictated that the waveform contain
an integral number of carrier periods. This effectively quantized the allowable carrier
frequencies. In addition, the VLA receiver scheduling was pre-programmed to collect 40
M-sequence transmissions (for the 20-min signals) with 75-Hz carriers: M-sequences
with an alternate carrier frequency would not fit an exact number of sequences into the
pre-programmed collection window. A frequency of 68.2 Hz was considered an adequate
compromise that nearly filled the collection window with whole waveforms and with
little remainder.

Simulations suggested that it might not be possible to radiate 195.0 dB re: 1 jiPa
@ 1 m broadband from the transducer at shallow depths without exceeding the stack
stress safety limit. There appeared to be no problem for the source at 800 m nor at 500
m, but possibly at 350 m. Hence, the signal designed for 350 m depth was scaled down
so as to achieve only 194.0 dB re: 1 ýtPa @ 1 m.
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Table 3.1. M-sequence parameters

M68.2 M75(195)

ifiename M194.350 M195.800

law [octal] 2033 2033

digits 1023 1023

carrier [Hz] 68.2 75

cycles per digit 2 2

modulation angle [deg] 88.209215 88.209215

duration [seconds] 30.0000 27.2800

initial digits 00 00 00 00 01 00 00 00 00 01

max [quanta] 1271 1241

min [quanta] -1275 -1242

rms [quanta] 747.89 727.79

The raw input files for the transmitter are in a custom format. These signals are
also available in standard Microsoft ".wav" format files as follows:

Table 3.2. M-sequence file names

original file .wav file
M194.350 M194.350.wav

M195.800 M195.800.wav

A custom MATLAB program, npalwavread m, was created to access these
.wav files. (The routine wavread, m supplied with the stock MATLAB distribution
does not recognize the NOTE chunk, which is used in this file to retain signal
construction parameters that formerly appeared in the old-style file headers.)

Several representative features of these M-sequences are shown in the following
figures. Figure 3.1 shows a short section of the M195.800 drive signal and several
corresponding internal transducer waveforms. These waveforms were produced by
calculating the theoretical impulse response (based on the 800Special equivalent circuit
model of the transducer) from input drive signal to internal waveform, and then filtering
the input drive signal. The internal quantities are stack voltage, auto-tuner current, and
stack stress. This figure shows several drive signal phase transitions and the
corresponding responses in the internal quantities.
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The Fourier transforms of the input drive signal and radiated output signal are
shown in Figure 3.2. Two different "output" signals are represented: one derived from
the equivalent circuit model end-to-end transfer function, the other from an actual
measurement. The actual acoustic measurement comes from file C0425906.SAM, which
was an 800-m deep transmission at station T50. Considerable low-frequency ambient
noise is evident in the acoustic plot.
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Figure 3.1. A plot of a short segment of M195.800 (top) followed by simulated responses in the
stack voltage (second from top), auto-tuner current (third from top), and stack stress (bottom)

Figure 3.3 shows the three signals of Figure 3.2 after pulse compression. The
spectral reshaping of the transducer broadens the simulated pulse. The in-water pulse has
a similar trailing edge broadening.
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Figure 3.2. Fourier transform magnitudes: top, input drive signal; middle, simulated radiated
output pressure using the 800Special model; bottom, the first M-sequence from C0425906.SAM
acquired at station T50
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Figure 3.3. Processed M-sequences, using a simple MATLAB routine. Top: drive signal; middle:
drive signal filtered by model impulse response; bottom: primary and secondary arrival, first M-
sequence, C0425906.SAM, station T50. The time axes all have arbitrary references.
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